Neuropathic pain affects ∼8% of the general population and is caused by a damage to the somatosensory nervous system ([@r1]). It is associated with hypersensitivity to painful (hyperalgesia) and nonpainful (allodynia) stimuli ([@r2]) and negatively impacts a person's level of functioning and quality of life. The resistance to available pain therapies makes chronic neuropathic pain a major unmet medical need ([@r1]). Recent findings suggest that the immune system plays a role in mediating neuropathic pain ([@r3]).

Tumor necrosis factor (TNF) is a master regulator of the immune system that initiates and orchestrates inflammation. Up-regulated levels of TNF have been shown at the site of injury in animal models of peripheral nerve injury and in neuropathic humans ([@r4]), and endoneurial application of TNF was shown to induce pain symptoms in the absence of an injury ([@r5]). Interestingly, the two TNF receptors (TNFR), TNFR1 and TNFR2, induce diverse and sometimes opposing biological responses. Whereas TNFR1 signaling promotes inflammation and tissue degeneration, TNFR2 contributes to immune regulation as well as tissue homeostasis and regeneration ([@r6], [@r7]). We and others have shown that TNFR1 mediates mechanical allodynia and thermal hyperalgesia and plays a role for both development of neuropathic pain, as well as maintenance of pain ([@r8], [@r9]). Our recent data indicate sex-specific differences in TNFR1-dependent pain pathways and show that TNFR1 expression is essential for pain development in male mice, but not in female mice. Accordingly, pharmaceutical blocking of TNFR1 signaling was only therapeutic in males, but not in female animals ([@r10]), while the same drug was therapeutic in females for motor disease ([@r11], [@r12]). In contrast to the general role of TNFR1 for pain development and maintenance, TNFR2 seems to be more important for the early phase of inflammation and neuropathic pain development ([@r13], [@r14]). However, TNFR2 has a well-documented role in tissue regeneration and immune modulation ([@r6], [@r7], [@r15]). The immunomodulatory properties of TNFR2 are mainly mediated by the expansion and stabilization of regulatory T cells (Tregs) ([@r16], [@r17]), a highly specialized subpopulation of T cells that function to suppress immune responses. Previous data indicate that enrichment or depletion of Tregs at the time of injury influence the development of neuropathic pain in models of peripheral nerve injury ([@r18], [@r19]), indicating a regulatory role of Tregs during the initiation of pain.

It has been suggested that the mechanisms of development of chronic pain states differed between sexes, implying a potential need for different strategies to address chronic pain in men and women ([@r20]). We therefore investigated the role of TNFR2 for pain recovery across sexes. We determined that expression of TNFR2 is essential for pain recovery and that systemic administration of a TNFR2 agonist is therapeutic for peripheral nerve injury-induced neuropathic pain via Tregs independently of sex.

Results {#s1}
=======

Recovery from Mechanical Allodynia Is Dependent on Presence of Tregs. {#s2}
---------------------------------------------------------------------

Previous studies indicated that depletion of Tregs increases severity of mechanical allodynia ([@r19]) and that expansion of Tregs attenuates development of mechanical hypersensitivity ([@r18]) in male animals. Due to the different pathways underlying pain development in males and females, we analyzed the role of Tregs in spontaneous pain recovery in both sexes. First, we confirmed that male and female ([*SI Appendix*, Fig. S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902091116/-/DCSupplemental)) WT mice start recovering from chronic constriction injury (CCI)-mediated mechanical allodynia 8 wk after peripheral nerve injury. Then, we depleted Tregs in injured male and female mice during the recovery phase starting 5 wk postinjury (wpi) using the anti-CD25 antibody PC-61, which depletes more than 75% of Tregs through immune-dependent mechanisms and is widely used to interrogate Treg function ([@r21]). In male and female mice, depletion of Tregs with PC-61 delayed recovery for ∼3 wk compared to control IgG-treated mice ([Fig. 1*A*](#fig01){ref-type="fig"}), with the effect of Treg depletion being stronger in males than in females ([*SI Appendix*, Fig. S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902091116/-/DCSupplemental)). Whereas the total percentage of splenic CD3^+^ T cells was not altered ([Fig. 1*B*](#fig01){ref-type="fig"}), we observed a significant reduction of FoxP3^+^ Tregs 12 wpi ([Fig. 1*C*](#fig01){ref-type="fig"}). Further, the levels of Tregs were correlated with the recovery of both male and female mice from both treatment groups (*r* = 0.6729, \*\**P* = 0.0011, [Fig. 1*D*](#fig01){ref-type="fig"} and [*SI Appendix*, Fig. S2*C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902091116/-/DCSupplemental)), indicating that Tregs are important for resolution of mechanical allodynia in males and females. No changes in the percentage of other immune cell subsets were observed between control IgG and PC-61--treated animals ([Fig. 1*E*](#fig01){ref-type="fig"}).

![Treg depletion delays recovery after CCI. (*A*) WT mice underwent CCI at week 0. Mechanical allodynia was determined using the Von Frey test over a period of 12 wk. Five and seven weeks after injury, mice were injected with control IgG (con IgG) or PC-61 (500 µg per i.p. injection, gray arrows) to deplete Tregs (*n* = 10 per group). \*\**P* \< 0.01 con IgG vs. PC-61 ipsilateral paw, ^\#\#^*P* \< 0.01 wk 6--10 vs. week 5 PC-61 ipsilateral paw. (*B*--*E*) Percentage of splenic CD3^+^ T cells (*B*) and CD25^+^FoxP3^+^ Tregs (*C*) (population: CD3^+^ T cells) was quantified by flow cytometry 12 wpi. Shown are scatterplots from representative experiments. Values in each quadrant are the percentage of positive cells. Quantification shows the mean ± SEM. (*D*) Correlation of the percentage of splenic Tregs with the withdrawal threshold at 12 wpi (*n* = 10 per sex). (*E*) Quantification of the percentage of different splenic immune cell subsets of CCI animals 12 wpi (*n* = 10 each group). \*\*\*\**P* \< 0.0001; ns, not significant.](pnas.1902091116fig01){#fig01}

TNFR2 Is Essential for Recovery from Mechanical Allodynia. {#s3}
----------------------------------------------------------

Due to the well-documented role of TNFR2 in neuronal recovery ([@r7]) and Treg function ([@r22]), we next compared pain recovery of WT and TNFR2^−/−^ mice after CCI. Interestingly, male and female TNFR2^−/−^ animals developed chronic nonresolving pain and did not recover from mechanical allodynia ([Fig. 2*A*](#fig02){ref-type="fig"} and [*SI Appendix*, Fig. S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902091116/-/DCSupplemental)). Whereas no changes in the percentage of total splenic CD3^+^ T cells were observed ([Fig. 2*B*](#fig02){ref-type="fig"}), the percentage of CD25^+^FoxP3^+^ Tregs was significantly decreased in injured TNFR2^−/−^ mice, compared to injured WT and noninjured TNFR2^−/−^ mice ([Fig. 2*C*](#fig02){ref-type="fig"}). No differences in the percentages of other immune cells were observed between injured WT and TNFR2^−/−^ mice ([Fig. 2*D*](#fig02){ref-type="fig"}). Further, no significant changes were observed in the percentage of all analyzed immune cell subsets between naïve noninjured WT and TNFR2^−/−^ mice ([Fig. 2 *B* and *C*](#fig02){ref-type="fig"} and [*SI Appendix*, Fig. S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902091116/-/DCSupplemental)). Interestingly, whereas levels of neurofilament 200 (NF200), a marker for large myelinated A-β fibers, were increased in WT mice, TNFR2^−/−^ mice showed chronic loss of NF200 12 wpi in the spinal cord ([Fig. 2*E*](#fig02){ref-type="fig"}). Similarly, whereas levels of Growth Associated Protein 43 (GAP43), a protein indicative of neuronal repair, were increased in WT mice, TNFR2^−/−^ mice show decreased levels of GAP43 ([Fig. 2*F*](#fig02){ref-type="fig"}), suggesting impaired neurorepair in TNFR2^−/−^ mice following CCI. Levels of CD68 ([*SI Appendix*, Fig. S5*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902091116/-/DCSupplemental)), a protein highly expressed by macrophages, were up-regulated in both WT and TNFR2^−/−^ mice. Similar, expression of calcitonin gene-related peptide (CGRP) was up-regulated after injury in both groups ([*SI Appendix*, Fig. S5*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902091116/-/DCSupplemental)). CGRP is a neuropeptide that is primarily released from sensory neurons and is up-regulated after nerve damage and neuroinflammation ([@r23]). Up-regulated CGRP levels have been implicated in pain pathways ([@r24]). These data indicate that the expression level of CD68 and CGRP is not influenced by endogenous TNFR2 signaling ([*SI Appendix*, Fig. S5*C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902091116/-/DCSupplemental)). Baseline expression levels of all analyzed proteins in naïve WT and TNFR2^−/−^ mice were similar ([*SI Appendix*, Fig. S5*D*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902091116/-/DCSupplemental)).

![TNFR2^−/−^ mice have chronic nonresolving pain. (*A*) WT and TNFR2^−/−^ mice underwent CCI at week 0. Mechanical allodynia was determined using the Von Frey test over a period of 12 wk (mean ± SEM, WT: *n* = 12, TNFR2^−/−^: *n* = 20) \*\**P* \< 0.01 WT vs. TNFR2^−/−^ ipsilateral paw. (*B*--*D*) Percentage of splenic CD3^+^ T cells (*B*) and CD25^+^FoxP3^+^ Tregs (*C*) (population: CD3^+^ T cells) and and other immune cell subsets (*D*) was quantified by flow cytometry 12 wpi. Shown are scatterplots from representative animals. Values in each quadrant are the percentage of positive cells. Quantification shows the mean ± SEM, WT: *n* = 8, TNFR2^−/−^: *n* = 10. Expression of NF200 (*E*) and GAP43 (*F*) in the spinal cord of naïve and injured WT and TNFR2^−/−^ mice was quantified by Western blot analysis 12 wpi. Shown are representative blots and the mean ± SEM of optical density of each protein normalized to β-tubulin, percentage of protein expression of naïve mice (*n* = 6 naïve, *n* = 8 CCI each group). \**P* \< 0.05; \*\**P* \< 0.01; \*\*\*\**P* \< 0.0001; ns, not significant.](pnas.1902091116fig02){#fig02}

TNFR2 Agonism Is Therapeutic for Neuropathic Pain. {#s4}
--------------------------------------------------

TNFR2 was shown to be expressed on Tregs, activated T cells, myeloid cells, and other immune cells ([@r25]). We here confirmed that Tregs and myeloid cells expressed the highest levels of TNFR2. TNFR2 expression was increased on almost all analyzed immune cell subsets, besides peripheral neutrophils and spinal cord macrophages after CCI ([*SI Appendix*, Figs. S6 and S7](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902091116/-/DCSupplemental)). We next investigated whether exogenous activation of TNFR2 is therapeutic in the CCI model. To selectively activate TNFR2, we used the mouse TNFR2 agonist EHD2-sc-mTNF~R2~ ([@r26], [@r27]). Treatment with EHD2-sc-mTNF~R2~ was started 1 wpi (day 7) and repeated twice at day 10 and 13. Male and female mice had significantly recovered from mechanical allodynia 1 wk after treatment start and although treatment was stopped after the third injection, mice did not relapse ([Fig. 3*A*](#fig03){ref-type="fig"} and [*SI Appendix*, Fig. S8*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902091116/-/DCSupplemental)). In addition to its therapeutic effect on tactile allodynia, TNFR2 agonism was also therapeutic on thermal hyperalgesia ([Fig. 3*B*](#fig03){ref-type="fig"} and [*SI Appendix*, Fig. S8*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902091116/-/DCSupplemental)) and cold allodynia ([Fig. 3*C*](#fig03){ref-type="fig"} and [*SI Appendix*, Fig. S8*C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902091116/-/DCSupplemental)), demonstrating a general role of TNFR2 for neuropathic pain recovery. Confirming that the therapeutic effect observed after TNFR2 agonist treatment in WT mice is through on-target effects by activating TNFR2, TNFR2^−/−^ mice did not respond to EHD2-sc-mTNF~R2~ treatment ([*SI Appendix*, Fig. S9](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902091116/-/DCSupplemental)). TNFR2 agonist treatment resulted in reduced microglia/macrophage activity, as seen by reduced up-regulation of CD68 expression in the spinal cord ([Fig. 3*D*](#fig03){ref-type="fig"}) and a reduction of the injury-mediated CGRP increase ([Fig. 3*E*](#fig03){ref-type="fig"}). In line with our data suggesting that TNFR2^−/−^ mice show chronic neurodegeneration and impaired recovery after CCI ([Fig. 2 *E* and *F*](#fig02){ref-type="fig"}), we observed increased NF200 ([Fig. 3*F*](#fig03){ref-type="fig"}) and GAP43 ([Fig. 3*G*](#fig03){ref-type="fig"}) levels. We further detected that TNFR2 agonist treatment reduced expression of the precursor of brain-derived neurotrophic factor (preBDNF) ([Fig. 3*H*](#fig03){ref-type="fig"}), which promotes neuronal cell death and retraction of growth cones ([@r28]). In contrast, increased levels of the mature form of BDNF (mBDNF), a neurotrophin that promotes neuronal survival and regeneration, were found in animals treated with EHD2-sc-mTNF~R2~ ([Fig. 3*H*](#fig03){ref-type="fig"}).

![TNFR2 agonism promotes recovery from neuropathic pain. WT mice underwent CCI or sham injury at week 0. Mechanical allodynia (*A*), thermal hyperalgesia (*B*), and cold allodynia (*C*) were determined over a period of 5 wpi. On days 7, 10, and 13, mice were treated with saline or EHD2-sc-mTNF~R2~ (10 mg/kg) via i.p. injection (black arrows, mechanical allodynia: *n* = 19 each group, thermal hyperalgesia/cold allodynia: *n* = 12 each group) \*\**P* \< 0.01 saline vs. EHD2-sc-mTNF~R2~ ipsilateral paw. (*D*--*I*) Expression of CD68, CGRP, NF200, GAP43, proBDNF, and mBDNF in the spinal cord was quantified by Western blot analysis 5 wpi. Shown are representative blots and the mean ± SEM of optical density of each protein normalized to β-tubulin, percentage of protein expression of sham (sham: *n* = 6, saline/EHD2-sc-mTNF~R2~ \[TNF\]: *n* = 8). \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001; ns, not significant.](pnas.1902091116fig03){#fig03}

TNFR2 Agonism Reduces Central and Peripheral Inflammation. {#s5}
----------------------------------------------------------

In addition to down-regulating CGRP expression in the spinal cord, EHD2-sc-TNF~R2~ dramatically decreased the number of CGRP^+^ neurons in the sciatic nerve ([Fig. 4*A*](#fig04){ref-type="fig"}), indicating decreased neuronal injury and pain signaling in the peripheral nervous system. One of the first clinical signs of peripheral nerve injury is infiltration of immune cells into the peripheral nerve. Concurrently with the reduced pain sensitivity of EHD2-sc-mTNF~R2~-treated mice, the expression of the great majority of inflammatory markers in the sciatic nerve was down-regulated in TNFR2 agonist-treated mice, whereas expression of BDNF was up-regulated after TNFR2 agonist treatment ([Fig. 4*B*](#fig04){ref-type="fig"}). Compared to saline treatment, we observed reduced infiltration of CD3^+^ T cells ([Fig. 4 *C* and *D*](#fig04){ref-type="fig"}), but increased infiltration of FoxP3^+^ Tregs ([Fig. 4 *C* and *D*](#fig04){ref-type="fig"}) into the peripheral nerve. Similarly, FOXP3 expression was increased in the spinal cord ([Fig. 4*E*](#fig04){ref-type="fig"}) of mice treated with EHD2-sc-mTNF~R2~ after injury, whereas CD4 and CD8A gene expression levels in the spinal cord were decreased in EHD2-sc-mTNF~R2~--treated mice ([Fig. 4*E*](#fig04){ref-type="fig"}). Further, we observed that compared to saline administration, mice treated with EHD2-sc-mTNF~R2~ showed reduced expression of TNF and NOS2 and increased expression of IL10, MRC1, and ARG1 ([Fig. 4*F*](#fig04){ref-type="fig"}). We therefore next investigated immune cell infiltration into the spinal cord by flow cytometry. Indeed, we confirmed that a reduced number of T effector cells infiltrated the spinal cord after TNFR2 agonist treatment ([Fig. 5 *A* and *B*](#fig05){ref-type="fig"}). Although we detected higher numbers of FoxP3^+^ Tregs in the spinal cord after EHD2-sc-mTNF~R2~ administration, these changes were not significant ([Fig. 5 *A* and *B*](#fig05){ref-type="fig"}). Further, TNFR2 agonist treatment reduced the infiltration of infiltrating myeloid-derived cells into the spinal cord but did not impact the number of microglia ([Fig. 5 *A* and *C*](#fig05){ref-type="fig"}). Interestingly, whereas TNFR2 agonist treatment did not impact microglia polarization, expression of inducible nitric oxide synthase (iNos) was decreased and expression of arginase 1 (Arg1) was increased after EHD2-sc-mTNF~R2~ administration in myeloid-derived cells ([Fig. 5*D*](#fig05){ref-type="fig"}).

![TNFR2 agonism promotes antiinflammatory responses in the sciatic nerve and spinal cord. (*A*) CGRP levels were quantified by immunofluorescence analysis 2 wpi. Shown are representative pictures and quantification of CGRP signal (mean ± SEM, *n* = 4 per group). (*B*) Expression of different genes in the sciatic nerve was quantified by quantitative real-time PCR. Data are shown as log (fold expression to naive) (mean ± SEM, saline: *n* = 4, EHD2-sc-mTNF~R2~: *n* = 6). (*C* and *D*) Infiltration of CD3^+^ and FOXP3^+^ T cells into the sciatic nerve was quantified by immunofluorescence analysis 2 wpi (mean ± SEM, *n* = 4 per group). (*E* and *F*) Gene expression of FOXP3, CD4, CD8A, NOS2, TNF, IL10, MRC1, and ARG1 in the spinal cord 2 wpi was quantified by quantitative real-time PCR (mean ± SEM, saline *n* = 4, EHD2-sc-mTNF~R2~ *n* = 6). \**P* \< 0.05; \*\**P* \< 0.01; ns, not significant. (Scale bars, 50 µm.)](pnas.1902091116fig04){#fig04}

![TNFR2 agonism reduces infiltration of inflammatory immune cells into the spinal cord. Immune cells were isolated form the lumbar spinal cord of CCI mice 2 wpi and analyzed by flow cytometry. (*A*) Shown is the representative gating strategy. Number of infiltrating CD3^+^ T cells and CD3^+^FoxP3^+^ Tregs (*B*) and CD11b^+^CD45^low^ microglia and infiltrating CD11b^+^CD45^hi^ myeloid cells (*C*) was quantified by flow cytometry. (*D*) Expression of iNos and Arg1 in microglia and infiltrating myeloid cells was quantified by flow cytometry. Shown are representative histograms and the quantification of the (isotype) normalized median fluorescence intensity (nMFI) of the iNos and Arg1 signal (mean ± SEM, *n* = 10 per group) \**P* \< 0.05; \*\**P* \< 0.01; ns, not significant.](pnas.1902091116fig05){#fig05}

Quantification of splenic immune cells showed that percentage of T cell subsets was significantly elevated 2 wpi. EHD2-sc-mTNF~R2~--treated mice did not show an increase in the percentage of CD3^+^, CD4^+^, or CD8^+^ T cells ([Fig. 6 *A* and *B*](#fig06){ref-type="fig"}), indicating that selective activation of TNFR2 abolished injury-mediated immune cell expansion. No changes in the percentage of CD3^+^, CD4^+^, or CD8^+^ T cells were detected 5 wpi ([Fig. 6*A*](#fig06){ref-type="fig"} and [*SI Appendix*, Fig. S10*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902091116/-/DCSupplemental)). Interestingly, we observed a significant reduction in the percentage of splenic CD25^+^FoxP3^+^ Tregs 2 wpi in the saline-treated group compared to sham injured mice. However, no differences in the percentage of Tregs was observed in EHD2-sc-mTNF~R2~--treated mice ([Fig. 6*C*](#fig06){ref-type="fig"}). This is in line with previous observations that TNFR2 agonism increases Treg proliferation ([@r27], [@r29]). However, we cannot exclude that other mechanisms contribute to the increased Treg fractions, such as increased stability/survival or altered biodistribution. No differences between the groups were observed 5 wpi ([Fig. 6*C*](#fig06){ref-type="fig"}). Further, EHD2-sc-mTNF~R2~ administration prevented injury-induced reduction in the percentage of splenic CD11b^+^CD115^−^Ly6G^+^ neutrophils and CD68^+^ monocytes/macrophages and increased the percentage of CD11c^+^MHCII^+^ dendritic cells 2 wpi. Comparable to T lymphocytes, no changes in the percentages of neutrophils, macrophages, and dendritic cells were observed 5 wpi. Percentages of CD45R^+^ B cells were not changed 2 and 5 wpi ([*SI Appendix*, Fig. S10](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902091116/-/DCSupplemental)). Since both Tregs and TNFR2 on central nervous system (CNS)-resident cells, such as microglia, have been shown to reduce neuroinflammation and to promote neuroprotection ([@r15], [@r30], [@r31]), we investigated whether EHD2-sc-mTNF~R2~ was transported into the spinal cord. Indeed, we were able to detect EHD2-sc-mTNF~R2~ after 2 and 5 wk in the spinal cord ([*SI Appendix*, Fig. S11](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902091116/-/DCSupplemental)).

![TNFR2 agonism promotes antiinflammatory responses in the periphery. Percentage of splenic CD3^+^ T cells (*A*), CD4^+^ and CD8^+^ T cells (*B*), and CD25^+^FoxP3^+^ Tregs (*C*) (population: CD3^+^ T cells) was quantified by flow cytometry. Shown are scatterplots from representative experiments. Values in each quadrant are the percentage of positive cells. Quantification shows the mean ± SEM (2 wk: *n* = 16 each group, 5 wk: sham/EHD2-sc-mTNF~R2~: *n* = 16 and saline: *n* = 18). \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001; \*\*\*\**P* \< 0.0001; ns, not significant.](pnas.1902091116fig06){#fig06}

TNFR2 Agonism Promotes Pain Recovery via Tregs. {#s6}
-----------------------------------------------

We next investigated whether the therapeutic effect of EHD2-sc-mTNF~R2~ is mediated via Tregs. Beginning 7 d after injury, male and female mice were first administered a control IgG or PC-61 for Treg depletion and then on days 9, 12, and 15, mice were treated with EHD2-sc-mTNF~R2~. Whereas mice treated with control IgG showed TNFR2 agonist-dependent recovery, mice that received the combination of PC-61 and EHD2-sc-mTNF~R2~ did not recover from mechanical allodynia ([Fig. 7*A*](#fig07){ref-type="fig"} and [*SI Appendix*, Fig. S12](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902091116/-/DCSupplemental)). While EHD2-sc-mTNF~R2~ treatment reduced the injury-mediated increase in splenic CD3^+^, CD4^+^, and CD8^+^ T cells in control IgG-treated mice 2 wpi, no significant reduction was observed in mice treated with PC-61 and EHD2-sc-mTNF~R2~ ([Fig. 7*B*](#fig07){ref-type="fig"} and [*SI Appendix*, Fig. S13](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902091116/-/DCSupplemental)), indicating that EHD2-sc-mTNF~R2~--mediated Treg activity is responsible for suppression of T cell expansion. As expected, Treg levels were significantly decreased in PC-61--treated mice 2 and 5 wpi ([Fig. 7*B*](#fig07){ref-type="fig"} and [*SI Appendix*, Fig. S13](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902091116/-/DCSupplemental)). In contrast, PC-61-induced depletion of Tregs did not abolish the increase in splenic CD11b^+^CD115^−^Ly6G^+^ neutrophils, CD68^+^ monocytes/macrophages, and CD11c^+^MHCII^+^ dendritic cells percentages observed after treatment with EHD2-sc-mTNF~R2~ ([*SI Appendix*, Fig. S13](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902091116/-/DCSupplemental)), suggesting that these effects do not contribute to the therapeutic effect of EHD2-sc-mTNF~R2~ in the CCI model. Besides a reduction in the percentage of Tregs ([Fig. 7*B*](#fig07){ref-type="fig"}), no major changes were observed 5 wpi ([*SI Appendix*, Fig. S15](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902091116/-/DCSupplemental)). Finally, depletion of Tregs abolished the neuroprotective effects of EHD2-sc-mTNF~R2~ treatment, i.e., animals that received the combination of PC-61 and EHD2-sc-mTNF~R2~ did show a decrease in NF200 levels and no increase in GAP43 levels compared to EHD2-sc-mTNF~R2~ treatment alone ([Fig. 7*C*](#fig07){ref-type="fig"}).

![TNFR2 agonism alleviates allodynia via Tregs. (*A*) WT mice underwent CCI or sham injury at week 0. Allodynia was determined using the Von Frey test over a period of 5 wk. Mice were treated with control IgG (con IgG) or PC-61 (500 µg each, i.p.) after 7 d (gray arrow). On day 9, 12, and 15 mice received i.p. injections with saline or EHD2-sc-mTNF~R2~ (10 mg/kg, black arrows) (*n* = 16 each group), \*\**P* \< 0.01 con IgG + EHD-sc-mTNF~R2~ vs. PC-61 + EHD2-sc-mTNF~R2~ ipsilateral paw. (*B*) Percentage of splenic CD3^+^ T cells and CD25^+^FoxP3^+^ Tregs (population: CD3^+^ T cells) 2 wpi was quantified by flow cytometry (*n* = 8--14 mice each group ± SEM). (*C*) Expression of NF200a and GAP43 in the spinal cord was quantified by Western blot analysis 5 wpi. Shown are representative blots and the mean ± SEM of optical density of each protein normalized to β-tubulin, percentage of protein expression of sham (sham: *n* = 6, saline/EHD2-sc-mTNF~R2~\[TNF\]/PC-61: *n* = 6). \**P* \< 0.05; \*\**P* \< 0.01; \*\*\*\**P* \< 0.0001; ns, not significant.](pnas.1902091116fig07){#fig07}

Discussion {#s7}
==========

We recently showed that TNFR1 signaling plays an essential role for pain development in males, but not females. Accordingly, pharmacological inhibition of TNFR1 was only therapeutic in males but had no effect on females ([@r10]). Here, we demonstrated that pharmacological activation of TNFR2 induces long-lasting recovery from neuropathic pain across sexes, indicating that the analgesic effect of TNFR2 works via a sex-independent pathway. We further provide genetic evidence showing that pain recovery after CCI is abolished in male and female TNFR2^−/−^ mice, uncovering a role of TNFR2 for pain recovery. We further show that exogenous TNFR2 activation by EHD-sc-mTNF~R2~ loses its therapeutic activity when Tregs are depleted before treatment start. The important role of Tregs for functional recovery after CCI is supported by further data showing that pharmacological depletion of Tregs in the chronic phase of the disease delays recovery. This study therefore provides a basis for a better understanding of the role of Tregs for functional recovery of neuropathic pain and suggests that TNFR2 agonists could be developed into a novel nonopioid therapy for the treatment of neuropathic pain.

It is well documented, that TNF acts as a neuromodulator to increase inflammation and neuropathic pain after injury ([@r32]). Endoneurial TNF application into the nervous system results in behavioral and electrophysiological changes associated with induction of thermal hyperalgesia and mechanical allodynia, whereas antagonism of TNF has the opposite effect ([@r33], [@r34]). Further, there is a correlation between TNF expression levels and development of neuropathic pain ([@r33]), suggesting an important role of TNF in the initiation of pain. We and others have shown that TNFR1 signaling promotes mechanical allodynia ([@r8]) and thermal hyperalgesia ([@r9]). In contrast, the role of TNFR2 for pain is less well characterized. Using a model of inflammatory pain, it was shown that after intraplantar injection of complete Freund\'s adjuvant, heat hyperalgesia was decreased in the early phase in TNFR2^−/−^ mice but reduced in both early and later phases in TNFR1^−/−^ mice ([@r14]). While these studies demonstrate that TNFR1 plays a role for both development of neuropathic pain as well as maintenance of pain, they also suggest that TNFR2 is important for the early phase of pain development.

In contrast, we here show that TNFR2 plays an essential role for the resolution of pain via immune-dependent mechanisms. Peripheral immune cells were shown to play a pivotal role for the induction and maintenance of neuropathic pain. Whereas cytokines and neutrophils have been found to play an important role during the early stages of acute pain, T lymphocytes appear to play a central role in chronic neuropathic pain ([@r35]). In addition, T cells were shown to play a role in pain resolution as well. In particular, chemotherapy-induced mechanical allodynia was significantly prolonged in T cell-deficient mice ([@r36]), while adoptive transfer of T cells via intrathecal injection relieved tactile allodynia after chemotherapy ([@r37]). Further, after peripheral nerve injury, microglial cells become activated and change their phenotype to produce inflammatory cytokines and chemokines that facilitate recruitment of leukocytes into the brain ([@r38]). Inhibition of microglia activation was shown to alleviate mechanical allodynia and hyperalgesia following spinal nerve ligation ([@r39]), and a role for microglia in long-term maintenance of allodynia was postulated ([@r40]). Interestingly, recent studies advance the hypothesis that there is a difference between the sexes in the initiation and maintenance of neuroinflammation and development of neuropathic pain. In particular, there appears to be a greater involvement of microglia in males, whereas in females neuroinflammation appears to be primarily driven by adaptive immune cells ([@r41]). Our data demonstrate that TNFR2 signaling promotes pain recovery in both males and females, indicating that different pain pathways may be targeted by TNFR2 agonism. We show that exogenous TNFR2 activation reduced expansion of T effector cells in the periphery and infiltration into the nerve and spinal cord. We further observed increased Treg levels in the periphery and the spinal cord after TNFR2 agonist administration. Tregs were previously shown to infiltrate the nerve and spinal cord and to interfere with development of neuropathic pain after peripheral nerve injury ([@r18], [@r19]). We here show that Tregs play a crucial role for pain recovery in peripheral nerve injury-mediated neuropathic pain. Next to immunosuppression, Tregs contribute to tissue regeneration in the periphery and the CNS ([@r42]) and may solely account for the therapeutic effect observed after TNFR2 agonist treatment. However, TNFR2 is also expressed on other cells, such as activated T cells, myeloid cells or microglia and TNFR2 signaling in those cells was shown to alleviate neuroinflammation ([@r31], [@r43], [@r44]). We therefore cannot exclude that TNFR2 signaling in non-Treg cells contributes to its therapeutic effect. Next to reduced immune cell infiltration, we observed a repolarization of CNS-infiltrating myeloid cells into an antiinflammatory phenotype after TNFR2 agonist treatment. In particular, antiinflammatory/reparative macrophages have been indicated to play a role for repair processes after nerve injury ([@r45]).

After CCI, neurodegenerative changes have been observed in the spinal cord ([@r8]). In our experiments, we observed a transient decrease in NF200 levels of the spinal cord after injury, indicating a loss of large myelinated A-β fibers. Importantly, TNFR2^−/−^ mice with chronic nonresolving allodynia showed prolonged NF200 loss, whereas TNFR2 agonist treatment either prevented NF200 loss or promoted NF200 recovery after injury. This is supported by our data that TNFR2^−/−^ mice show reduced spinal GAP43 levels after injury and that TNFR2 agonist treatment increased GAP43 levels in the spinal cord. GAP43 is expressed at high levels in neuronal growth cones and is recognized as a supporting factor for axonal growth and synaptic remodeling ([@r46]). The chronic loss of GAP43 in TNFR2^−/−^ mice after CCI and the increased levels of GAP43 after TNFR2 agonist treatment therefore indicate that TNFR2 signaling may promote neuroprotection and/or neuronal remodeling. In support of this potential neurorepair function of TNFR2 agonism, we found decreased levels of proBDNF and increased levels of mBDNF in the spinal cord of EHD2-sc-mTNF~R2~--treated mice. However, next to its role for neurorepair, BDNF signaling via the tropomyosin receptor kinase B (TrkB) also has a well-documented pronociceptive role ([@r28], [@r47]). Therefore, further studies are necessary to validate the potential neuroreparative role of TNFR2 in the CCI model. Interestingly, the TNFR2 agonist-dependent increase in NF200 and GAP43 levels was abolished when Tregs were depleted prior to EHD2-sc-mTNF~R2~ treatment. This suggests that Tregs contribute to the observed neuroprotective responses. Indeed, Tregs were shown to promote neuroprotective activities ([@r48]). However, it needs to be determined, whether this is a direct effect of Tregs on neurons or indirect via Treg-mediated changes in glial cells or other immune cells.

In summary, our data demonstrate that exogenous TNFR2 activation is therapeutic for neuropathic pain via Treg-dependent responses. TNFR2 agonism after CCI results in reduced recruitment of myeloid cells and T cells and increased infiltration of Tregs into the nervous system. Further, CNS-infiltrating myeloid cells switched to an antiinflammatory/reparative phenotype after systemic TNFR2 agonist treatment. These changes ultimately result in reduced neuropathology and long-term recovery from neuropathic pain ([Fig. 8](#fig08){ref-type="fig"}). We propose that TNFR2 plays an essential role for pain recovery via Tregs and that Treg therapies, such as TNFR2 agonists, may hold great promise as nonopioid analgesic treatments to reduce neuropathic pain.

![Exogenous TNFR2 activation reduces peripheral and central inflammation and promotes neuronal recovery via Tregs. Treatment with the TNFR2 agonist EHD2-sc-mTNF~R2~ leads to increased fraction of Tregs, which suppress injury-induced expansion of peripheral T cells. This results in decreased infiltration of T cells along with enhanced infiltration of Tregs into the sciatic nerve and the dorsal horn of the spinal cord. In the spinal cord, infiltrating Tregs and CNS-infiltrating EHD2-sc-mTNF~R2~ may further suppress T cell activity, promote polarization of proinflammatory myeloid cells into an antiinflammatory/reperative phenotype, and reduce neuronal injury. These changes ultimately result in alleviation of neuropathic pain.](pnas.1902091116fig08){#fig08}

Materials and Methods {#s8}
=====================

Detailed methods can be found in [*SI Appendix*, *SI Materials and Methods*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902091116/-/DCSupplemental). The TNFR2 agonist EHD2-scTNF~R2~ was described previously ([@r27]). Animal care and treatment were carried out in accordance with the guidelines of the Institutional Animal Care and Use Committee of Drexel University under protocol numbers 20295/20628. Male and female mice were analyzed separately. Since behavioral and biological responses in males and females followed the same trend, figures within the manuscript summarize combined data obtained in male and female mice. Behavioral data are shown separated for males and females in the supplementary data.
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